Introduction
[2] Magnetic surveys have become a standard method for investigating the structure and evolution of the oceanic crust. The young crust, in particular, displays a fine-scale magnetic structure, which can be used to map small-scale (<10 km) features and local variations in the spreading regime. Short-wavelength magnetic field anomalies are usually interpreted as fine-scale variability of the upper crustal layers [Lee et al., 1996] as a result of tectonic or geochemical alteration. Two different scales of demagnetization effects have recently been identified [Tivey and Johnson, 2002; Tivey et al., 2003] : (1) hectometric-scale magnetic lows, measured by deep-tow instruments, associated with hydrothermal upflow areas showing good correlation with known active vents, and (2) kilometerscale magnetic lows, which seem to be the signature of tectonic exhumation of deep crustal rocks, less magnetized than the extrusive magnetic layer [Tivey et al., 2003] .
[3] The difficulties involving the identification of smallscale anomalies, from the measurement of the magnetic field with shipboard magnetometers, are amplified because the distance between the sensor and the magnetic sources acts as a ''filter,'' smoothing out magnetic field anomalies.
This upward continuation corresponds to the integration over an area that is a function of water depth. In deep environments this corresponds to a strong attenuation of the small wave number magnetic anomalies that are difficult to identify using surface magnetic data.
[4] The aim of this work is to process the available surface magnetic data of the Lucky Strike segment (see Figure 1 for location), on the Mid-Atlantic Ridge (MAR), to quantify the magnetic signature associated with the hydrothermal vent area [Langmuir et al., 1993] . To achieve this, we start by defining what should be the ''normal'' seafloor spreading magnetic pattern of the Lucky Strike segment, using a three-dimensional (3-D) model. This model takes into account the constraints given by bathymetry, polarity reversals, thermoremanent magnetization (TRM) decay with age, and interference between neighboring homogeneous ''magnetic blocks.'' The spreading geometry, imposed on the model, is constrained by the location of the zero-age axis and half spreading velocities. We assumed that the zero-age axis was stable during the entire time span that corresponds to the buildup of the segment valley and walls, and we determined the location that provides the best fit (from the magnetic point of view). Half spreading velocities were also fit to the magnetic data, but full spreading velocities were kept equal to the NUVEL-1A model [DeMets et al., 1994] .
[5] Using this computed ''regional field,'' a magnetic residual can be calculated and considered to be the result of small-scale perturbations in the shallow structure of the oceanic crust, in a similar way to magnetic prospecting on land. Finally, the magnetic residual was used in a 3-D inversion to determine the anomalous magnetization.
Lucky Strike Ridge Segment: Geologic Setting
[6] The Lucky Strike ridge segment extends between 37°33 0 N, 32°09 0 W and 37°06 0 N, 32°24 0 W at the southwestern limit of the Azores volcanic plateau (compare Figure 1) .
Here the MAR displays transitional morphology: to the north, segments are shorter in length and present a less defined axial morphology, whereas south of Lucky Strike, typical slow spreading ridge geometry is found [Detrick et al., 1995] .
[7] The Lucky Strike segment has a length of about 50 km, an orientation of N17°E, and is bounded by two second-order nontransform discontinuities. Its morphology Figure 1 . Shaded relief image of the Lucky Strike segment illuminated from NW. Data were obtained from SIGMA and SUDACORES [Cannat et al., 1999] . Inset shows DSL120 data from the Lucky Strike hydrothermal field [Scheirer et al., 2000] .
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MIRANDA ET AL.: MAGNETIZATION LOW OF LUCKY STRIKE is typical of a slow spreading center. The axial valley is well defined by the 2000 m isobath, with a width of 12 km in the center of the segment, reaching 15 km toward both tips. The segment is strongly asymmetric: its northern end shows an inside corner defined by a steep slope (between À2750 m and À1236 m), whereas its outside corner shows a roughened relief defining a partially developed horst-graben geometry. The midvalley walls become symmetrical in the central areas of the segment, and it is possible to observe here, from the bathymetric maps, individual scarps reaching 950 m [Needham et al., 1991] .
[8] Located at the center of the segment, on axis, is a composite axial volcano 13 km long, 7 km wide and 430 m high occupies the segment center. A north-south depression, 200 m deep, splits the top of the volcano into several distinctive blocks (see inset in Figure 1 ). To the west, a narrow volcanic ridge 5.4 km long can be observed. To the east, the volcano summit has a half circular shape, with three small volcanic cones around a central depression, that hosts a lava lake [Fouquet et al., 1995] . The hydrothermal field of Lucky Strike was discovered here (37°17 0 N, 32°16.5 0 W, compare Figure 1 ) during dredging on the FAZAR mission [Langmuir et al., 1993] , and the active focused or diffusive hydrothermal activity is located mainly around the lava lake [Fouquet et al., 1995; Humphris et al., 2002] .
[9] Differing evidence has been presented concerning the present spreading stage of the Lucky Strike segment. Sonar images and seafloor geology [Ondreas et al., 1997 , Scheirer et al., 2000 Humphris et al., 2002] have revealed that the midvalley floor is largely amagmatic in character. During the FLORES mission [Fouquet and the FLORES Scientific Team, 1997 ] the presence of mantle exposures was verified by dredging of serpentinites at the base of the SW inside corner high. This confirmed the lack of robustness in the magmatic supply to the segment at present. Despite this general character, small episodic and highly focused magmatic feeding to the segment center should at times occur. Recently, a seismic event recorded by an autonomous hydrophone array registered what has been interpreted as a dike emplacement episode in the Lucky Strike segment [Dziak et al., 2002] .
Surface Magnetic Data Collection
[10] The magnetic data are a compilation of two main sources: the GEOFAR survey [Sichler et al., 1995] , acquired in a series of E-W profiles, 1 nautical mile apart, extending up to anomaly 2, and a magnetic survey carried out during the MADRIGALS cruise [Sinha, 1999] , densely covering the area inside the central valley of the segment. Two profiles from the SUDACORES mission [Cannat et al., 1999] were used to fill gaps at the north and south limits of the segment. The anomaly map was computed after merging the data sets, using the International Association of Geomagnetism and Aeronomy (IAGA) [1996] reference field model to take into account both the main field and its secular variation. The magnetic anomaly grid is plotted in Figure 2 . Crossover errors have a mean of 0.6 nT and a standard deviation of 15.3 nT.
[11] As we have a homogeneous total magnetic field map and a good description of the topography, we can calculate the horizontal distribution of the magnetization using some basic assumptions on the thickness and vertical homogeneity of the magnetic layer. This inversion procedure eliminates the dependence of the shape and amplitude of the magnetic anomalies on the distance between the survey altitude and the seafloor, and on the geomagnetic coordinates of the survey area.
[12] For the computation of the magnetization, we used the 3-D inversion technique of Macdonald et al. [1980] , which is an extension of the Parker and Huestis [1974] method. This inversion procedure makes two main assumptions: a constant thickness source layer (0.5 km), whose upper surface is defined by the bathymetry, and a given geocentric dipole magnetization direction (56.4°inclination, 0°declination for central Lucky Strike). A band-pass filter with a passband of 3 to 60 km, and wavelength cutoffs of 1 and 120 km, was used to ensure convergence. The bathymetric grid was obtained from the SIGMA [Needham et al., 1991] and SUDACORES [Cannat et al., 1999] missions. The crustal magnetization map obtained by this method is shown in Figure 3 .
[13] The magnetization inversion solution presented in Figure 3 is not unique. It depends mainly on the assumption made for the geometry of the magnetic layer (constant thickness, only lateral variations of magnetization, a fixed direction of magnetization along the axial centered dipole). This model can be considered suitable for describing the marine magnetic sources if we consider that the upper layer of extrusive basalts is the main contributor to the crustal magnetic field. Within this specific model, nonuniqueness is described by the annihilator [Parker and Huestis, 1974] , a specific magnetization distribution that, when convolved with bathymetry, produces no external magnetic field. However, because we will not manipulate this distribution of magnetization, no annihilator was added to the solution presented in Figure 3 .
[14] We observe that the strongest magnetization is located along the segment axis. The magnetic high, corresponding to the Brunhes anomaly, is interpreted as the signature of young, still relatively highly magnetized crust. This magnetization high is not continuous along the whole segment but generally matches the interpretation by Scheirer et al. [2000] of the neovolcanic zone along Lucky Strike segment center, based on highresolution DSL-120 data.
[15] There are two prominent features in the magnetization distribution inside the segment's valley. One is that between 37°21 0 N and 37°25 0 N, where the width of the highmagnetization zone is twice the value of its southern continuation. In fact, two magnetic highs, parallel along the axis, are distinguishable here. The other feature is that magnetization is strongly reduced from the 12 A m À1 right at its northern boundary to about 2 A m À1 over the hydrothermal field zone. The working hypothesis is that this magnetization low can be associated with rock demagnetization, and that this demagnetization effect may in some way be connected with the origin and temporal evolution of the hydrothermal vent field.
[16] To test this hypothesis, we must isolate local effects (concerning fine-scale variations in crustal thickness, magnetization or thermal anomalies), from its regional background, which can be mainly attributed to segment geometry, temporal evolution of the main field, and seafloor oxidation that generates TRM decay with age.
Synthetic Magnetic Signature of the Lucky Strike Segment
[17] In order to compute a 3-D magnetic synthetic model at the scale of the whole ridge segment, we made the following assumptions:
[18] 1. The magnetic source layer has a constant thickness of 500 m that follows the bathymetry. This means that no along-axis variation in thickness is taken into account, in particular in what concerns the effect of the central volcano.
[19] 2. New crust is formed along a ''zero-age'' axis that possesses a certain width (to be determined).
[20] 3. The spreading direction follows the present-day relative movement between the African (AF) and North American (NA) plates, as given by the NUVEL-1A [DeMets et al., 1994] global kinematic model. However, the speed is allowed to change between different periods, which enables simulation of asymmetry in the spreading rate.
[21] 4. The zero-age axis is considered stable for the whole time span covered by this model. That is, no axis jumps occur inside the central valley.
[22] 5. Magnetization across a segment follows the polarity reversal scale of Cande and Kent [1995] . Within the Brunhes epoch, short-wavelength magnetic anomalies (corresponding approximately to B2 and B4 of Pouliquen et al. [2001] ) were also considered.
[23] 6. The intensity of the magnetization (I) decays with time (Ma) according to the following law:
where (I 1 + I 0 ) is the magnetization at the ridge axis (x = 0), I 1 is the magnetization far from the ridge; k and n are two parameters than constrain the width of the magnetization high and the slope of the decay, and x is the distance to the axis. This function is called a ''hill function'' and is characterized by having a shape close to that of a ''guyot''; its ''head'' width simulates the width of the neovolcanic axis.
[24] 7. The transition between consecutive polarity blocks is modeled using a Gaussian transition with a width of 1000 m [Schouten and Denham, 1979] .
[25] In order to implement the above steps we developed two computer programs. The first one generates the blocks of variable magnetization according to assumptions 2, 3, 5, 6, and 7. Figure 4 shows the synthetic magnetization model. To compute the magnetic anomaly from the 
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MIRANDA ET AL.: MAGNETIZATION LOW OF LUCKY STRIKE magnetization distribution, we developed another computer code based on Okabe's method [Okabe, 1979] . This algorithm computes the magnetic response of any 3-D body constructed as a set of polygonal planar facets. In practice, every grid cell was split into two triangular prisms with a height of 500 m (assumption 1) and its magnetic contribution was added to every point of the model region.
[26] The first step in the procedure of fitting the modeled and measured anomalies is to fix the position of the magnetic zero-age axis. Then, it is necessary to determine the parameters I 1 , I 0 , k and n of the magnetization decay law (assumption 6). Finally, variations in half spreading rates (i.e., asymmetry) can be introduced. This was done with a series of model runs and direct comparison with measured profiles. The regional distribution of magnetization is plotted in Figure 4 . The hill function best fit parameters for magnetization decay are: I o = 10 A m À1 , k = 0.3, n = 3.5 and I 1 = 5 (see Figure 5) .
[27] Notice that at the axis the magnetization equals I 0 + I 1 = 15 A m
À1
. This value is slightly higher than the 12 A m À1 obtained with Parker's inversion. The reason for the difference probably lies in the inability of the Parker method to fully recover the high-frequency magnetizations due to the filtering process that is intrinsic to its operation and also because Parker's solution is not unique.
[28] Figure 6 shows the fit between the spreading model and the three profiles observed across the Lucky Strike segment. The middle profile, located close to the north of the hydrothermal field where anomalies are less perturbed by the demagnetization effect, was the one used to constrain the model parameters. While the overall fit can be considered quite satisfactory, it is clear that in some areas the fit is less effective. In fact, there is a clear distinction between the fit on the African plate (right side of the central line), from those on the American plate (left side). Moreover, the northern profile shows clearly that one single axis is not enough to model the observed magnetic anomaly. There is no clear morphological feature in that area which can be attributed to a secondary spreading axis. Given the extent of the anomalous zone, we have to conclude that it has been active for a significant amount of time. It is difficult to estimate for how long it has prevailed but it is tempting to associate it with the out of phase in the fit of anomaly 2 seen in the northwest corner of Figure 6 .
Separation of the Magnetic Anomaly Associated With the Hydrothermal Vent
[29] Differences between the modeled and observed anomalies reflect deviations from the model assumptions; in particular, the assumption that the magnetic layer has a constant thickness and that magnetization varies only along the flow lines of spreading. If we consider the magnetic residual computed as described above (see Figure 7) we can observe a prominent negative anomaly that approximately matches the location of the Lucky Strike hydrothermal field. The magnetic low results from the absence of magnetic sources in the altered zone relative to the crustal rocks in the neighborhood.
[30] Application of the 3-D inversion technique of Macdonald et al. [1980] to the magnetic residual enables computation of the magnetization distribution with the same assumption described above. This inversion (compare Figure 7 ) reveals a set of magnetization lows, with two minima, one above the hydrothermal vent site and the other SE of the central volcano. Along the segment walls and along a NS ridge NW of the central volcano, other magnetization lows can be identified, but we cannot rule out the possibility of being a stripping artifact as a consequence of the processing scheme.
Discussion and Conclusions
[31] Surface magnetic data have significant limitations regarding their use in the study of small-scale variations of the magnetic field. However, in the case of homogeneous magnetic surveys we can study tectonomagmatic phenomena inside the segment valley, by separating regional effects that are due to segment geometry and long-term variation in the main magnetic field, from local-scale effects.
[32] The approach that we followed here was to use a regional description of the marine magnetic field based on global plate tectonic models fitted to take into account local variations in the apparent half plate velocity and both short-and long-term decay of the oceanic crust mean magnetization. The two short-wavelength magnetic anomalies within Brunhes epoch (B2 and B4 of Pouliquen et al. [2001] ) were important to enhance the fit between the regional magnetic model and observations.
Asymmetry of the Spreading Process
[33] In our model the azimuth of the magnetic axis was fitted as N17°E. If we consider that the NUVEL-1A spreading direction is 104°at Lucky Strike, we get a very small obliquity of only 3°. This indicates that within the scale of magnetic surface measurements, spreading is virtually orthogonal to the segment axis.
[34] As stated above, if the location of the zero-age axis is kept fixed during the whole period (corresponding to approximately 2 Ma), then asymmetry in plate velocity has to be introduced. Figure 8 shows spreading velocities as a function of time for both plates (AF and NA). A comment must be made regarding the larger misfit obtained in the American side when compared to the African side. This is a consequence of the decision to keep the full spreading velocity given by NUVEL-1A and the possibility of having a clear fit on the African plate. The level of asymmetry in the half spreading rates may be a consequence of real asymmetric extension, discontinuous magmatic feeding and thus variable width of the neovolcanic zone or its movement relative to one of the plates.
[35] The value for the magnetization at the ridge (15 A m À1 ) is consistent with the amplitudes determined elsewhere in the Mid-Atlantic Ridge ($30°N) for the magnitude of the CAMH: between 15 and 20 A m À1 [Smith et al., 1999] . It is also close to the 17 A m À1 determined for basalts from the neovolcanic zone of the western ridgetransform intersection (RTI) of the Mid-Atlantic Ridge and Kane transform in the central North Atlantic Ocean [Tivey and Tucholke, 1998 ].
[36] If for the magnetization decay time we take the one corresponding to the inflection point of the magnetization function, we get
where x, k and n have the meanings described above. Using the parameters determined for the Lucky Strike segment, this corresponds to 0.39 Ma. This value is close to the 0.5 Ma inferred by Johnson and Atwater [1977] and Macdonald [1977] for the nearby FAMOUS segment of the MAR, but it is higher than the 0.1 Ma determined by Hussenoeder et al. [1996] for the Mid-Atlantic Ridge at 24°20 0 N.
Lucky Strike Magnetization Low
[37] For young ocean crust the bulk TRM contributing to the source of magnetic anomalies measured at the sea surface is mainly constrained by the upper extrusive layers. Any significant alteration caused by thermal, chemical or mechanical processes that affects this extrusive layer, can be traced by magnetic methods. Small structures like hydrothermal vents, and most importantly, the upward flow that is associated with these active structures, generate small wavelength anomalies that can be mapped by deep towed instruments, but are filtered when measurements are taken at the sea surface [Tivey and Johnson, 2002] . To partially overcome this filtering effect, a model for the regional magnetic field was built to allow the computation of a magnetic residual where local anomalies are enhanced. Residual magnetization does not show systematic correlation with the topography as could be expected if significant artifacts were generated by the assumptions made for the magnetic layer thickness. [38] The pattern of the magnetic anomalies in the Lucky Strike segment center points to the existence of several magnetization lows; with two minima that reach À9 A m À1 (see Figure 7) . These magnetization lows may result exclusively or from a combination of (1) fluid circulation affecting the initial titanomagnetite content of the extrusive basalt layer, (2) thermal anomalies focused in the segment center generating a pronounced elevation of the Curie isotherm surface, (3) variations in the thickness of the magnetic layer related with the central volcano or tectonics.
[39] The magnetic low that encompasses the Lucky Strike hydrothermal field, the lava lake and related hydrothermal precipitates tapping the regions around it [Humphris et al., 2002] , shows spatial correlation with the surface expressions of hydrothermal activity. This favors an interpretation where chemical alteration induced by focalized hydrothermal up flow is the main mechanism for the demagnetization process. This is similar to what is observed for example at Endeavour Rift valley, where focalized upflow pipe like discharge zones and chemical demagnetization have been interpreted bellow areas of active venting by Tivey et al.
[2003] using deep tow magnetic data.
[40] A second magnetization low is located in a flat platform between the Lucky Strike central volcano eastern flank and the elevated summit area of the lava lake [Humphris et al., 2002] . DSL120 images and bathymetry reveal a small depression, punctuated by a set of highly discontinuous acoustic shadows pointing for debris and mass wasting. The area is further disrupted with minor faulting [Scheirer et al., 2000] . So far, no exploratory submersible or ROV dives have been performed over this area and so no presently available data allow a definite validation of any interpretation for this demagnetized area. One possible explanation would be to evoke the existence of relict hydrothermal activity in that area, now masked by pelagic sediment and mass wasting deposits. An analogue of a similar situation documented by Tivey et al. [2001] at the Endeavour rift where a strict proximity between relict hydrothermal activity and magnetic anomaly lows has been observed.
